A perceptual experiment was conducted to measure the visibility of black-level differences in the proximity of a bright glare source. In a controlled viewing environment, visual difference thresholds were adaptively measured using dark, shadow-detail images shown on a high dynamic range liquid crystal display while an external LED lamp was used to induce intra-ocular glare over a small range of eccentricities. This high-contrast situation is relevant to HDR displays which may have bright regions in displayed images as well as to viewing environments which include lamps or other light sources. The resulting difference thresholds are modeled with a combination of the CIE total glare equation, the DICOM contrast visibility model, and a new estimate of adaptation luminance.
Introduction
Technological advances continue to allow brighter and higher contrast displays. One example of such technology is the class of high dynamic range (HDR) segmented-backlight LCDs as discussed by Seetzen et al. [1] and other authors. The general concept of these displays is a twopart system, consisting of a low-resolution, segmented backlight (i.e., a grid of addressable LEDs) behind a high-resolution liquid crystal display. With a segment's LED(s) turned off, the luminance in that region can be essentially zero, while with the LED(s) on and the LCD in the transmissive state, the luminance can be very high (tens of thousands of cd/m 2 ), thus enabling an arbitrarily high contrast ratio. Such high contrast may be achievable at the same moment at a large scale, such as across the width of the display. However, because the backlight's segments are larger than the display's pixels, neighboring pixels can never achieve such a high contrast. Within a small region of the display, it behaves much like a fixed-backlight LCD, in which the contrast is limited by the dynamic range of the LCD itself. Thus, local luminance errors, known as halos, may result. Halos may be either lighter or darker than the intended luminance, but in general are areas of reduced luminance contrast.
Fortunately, early in the development of HDR displays it was recognized that the limits of the human visual system meant that such localized contrast range reduction actually did not matter to the perceived image when viewed from a normal viewing distance. The main reason for this is glare within the eye, caused by intra-ocular reflections and scattering, which lowers contrast on the retina in the proximity of bright light sources. The International Commission on Illumination (CIE) has published a general equation for the effect of intra-ocular glare, which has a general shape of 1/θ 2 , where θ is the angle between the glare source and the eye's fixation point, in degrees [2] .
Several authors have used descriptions of glare to create design rules for HDR displays and to predict visibility of luminance errors. Seetzen et al. [1, 3] cited the glare-induced impairment of detail perception near high-contrast boundaries as the limitation of the human visual system that could be exploited in the construction of such displays, but they did not quantify the reduction in visibility of image detail. McCann and Rizzi [4] used the CIE glare equation to compute retinal contrast expected from high dynamic range transparency stimuli. Uniform black and white patches resulted in retinal images which were very nonuniform and relatively lower in contrast, yet qualitatively observers still described them as uniform in appearance. Thus, they recognized that even with well-modeled retinal contrast, the prediction of appearance is still elusive.
Several studies have focused on the optimal number and luminance profile of backlight segments. Swinkels et al. [5] measured user preference simulating different numbers of backlight segments using a double-LCD, and found that preference scores increased up to about 2500 segments for a 30" display viewed at 2.4m. Langendijk and Hammer [6] studied the relationship between physical black level and the spatial frequency of image content for segmented-backlight LCDs with different numbers of addressable segments. They applied the CIE glare equation to estimate the effective rise in black level caused by glare from the image itself, and they concluded that an LCD with at least 2048 backlight segments was comparable to an ideal HDR display (i.e. without the spatial limitations of backlight segments). Langendijk's modeling-based conclusions and Swinkels' experimental findings are similar, and they correlate well with the successful examples of segmented-backlight LCD prototypes. Contrast range is determined by both the black and white luminances, and contrast reduction often presents itself as a "lifted" black level. Because of the spatial characteristics of segmented-backlight LCDs, the display black level can vary across the display and with image content. Mantiuk et al. [7] studied the visibility and contextual interpretation of black under varied ambient illumination. They measured threshold black level differences and found that if the visual surround was increased in luminance or visual size, these threshold differences increased sharply. However, they did not provide a general model.
The goal of the present paper is to address a general answer to the question: how black is black enough, at what distance from a bright region of the image? Two components are critical to this understanding: the behavior of physical glare within the eye and the visibility of subtle differences in the image which are affected by the glare. Glare has been studied and modeled extensively. Visibility has been modeled in low-contrast situations and shown in limited experimental conditions. Yet so far, a convincing combination of both has not been made. The paper first explains these two models, then details an experiment designed to test visibility over a variety of black-level and glare conditions. Finally, a model incorporating glare, visibility thresholds, and a new, necessary adaptation component is provided and verified.
Models

Glare Model
Because of the imperfect optics of the human eye, not all incident light is properly projected onto the retina. Light may be lost in absorption, blurred by the imperfect lens, or scattered and/or reflected by the eye's components. Glare refers to the optical scattering and reflection of light within the eye that spreads incident light onto the "wrong" part of the retina, the main effect of which is the hindrance of the visibility of shadow details and the lowering of contrast. The term veiling glare describes the perceived effect, which is much like viewing the world through a thin white veil. Veiling glare has been quantified experimentally as equivalent veiling luminance (EVL). For example, if a viewer observes a dark alleyway at night, the presence of a streetlamp will cause veiling glare, which hinders the perception of shadows. The equivalent veiling luminance is literally what it says -the amount of luminance added uniformly to the physical scene (i.e., the thin white veil) that would result in an equivalent contrast reduction. Veiling glare always lowers contrast, defined most generally as a ratio between light and dark, because it is added uniformly to all light and dark regions of the scene.
CIE 135/1 [2] defines several glare equations which are functions of the visual angle between the glare source and the eye's viewpoint, as well as of the age and eye coloring of the observer. The CIE Total Glare Equation, which combines empirical measurements of human optical performance from very small (arc minutes) to very large (100°) visual angles, is roughly similar to 1/θ 2 over a broad range of θ, with the age and pigment parameters having relatively minor effects at angles above 2 degrees. The equation provides EVL in cd/m 2 per unit of illumination on the eye in lux, meaning it can be thought of as providing the angle (and age and pigment) dependent scale factor to convert illuminance incident on the eye from a glare source into equivalent veiling luminance.
For a streetlamp example, the lamp may be easily treated as a point source at a single visual angle from the fixation point, and the resulting EVL can be added to the luminance of the scene as measured from the location of the eye. The EVL of multiple light sources can be added linearly, and extending this the EVL contribution of every point in the scene may be considered by integrating over the entire field of view. For display applications, the EVL resulting from the illuminance reaching the eye from every point on the display may be integrated, and if desired, the EVL due to illuminance from the surrounding room can be added.
Contrast Visibility Model
The human visual system's ability to discern luminance differences has been quantified by the notion of contrast sensitivity, i.e. by finding the detection thresholds of luminance differences at different spatial frequencies. Barten [8] provided a well-known signal-to-noise based model of contrast sensitivity that provides a good fit to a variety of earlier experimental data sets. The model gives the modulation threshold as a function of spatial frequency, luminance, and image (or object) size. As such, it is well-suited to synthetic patterns such as sinusoidal gratings, but it remains difficult to apply to natural images and scenes.
Barten's model was adapted to a very specific visual task in the creation of the DICOM standard display function [9] , designed to ensure that the steps between quantized gray levels in medical imaging systems are distributed in a perceptually uniform way. DICOM used a contrast-detection task involving a simple sinusoidal grating of 4 cycles per degree of visual angle, cropped to 2x2 degrees and surrounded by a uniform luminance equal to the mean of the sinusoid. The Barten model was used to predict the visibility threshold in terms of amplitude of the sinusoid at different average luminances ranging from 0.5 to 4000 cd/m 2 . Over a wide luminance range, contrast sensitivity peaks near 4 cycles/degree, so DICOM conceptually describes a conservative estimate of the contrast threshold, i.e. the size of the smallest detectable luminance difference, as a function of average luminance. In the low-luminance range especially interesting to the present work, the threshold luminance differences are between 2 and 10% of the average luminance, as shown in Figure 1 . Even though it was designed for a very specific imaging target, DICOM provides a model of visibility that may be applied with caution to other situations.
Laboratory Setup
The laboratory setup consisted of three components: a high-contrast display, a glare source, and a viewing box. The display was used to create visual stimuli for the paired comparison staircase task. Near the display, in the same visual field, a LED luminaire was used to create a bright point of light to act as a glare source, inducing veiling glare in the eyes of the observer. The glare source was decoupled from the display in order to allow extremely high luminance differences between the glare and the display black, as well as to eliminate any possibility of flare within the display itself. The arrangement simulates either a situation in which the glare is part of the image on an HDR display or a situation with an external glare-inducing light source.
To control light reflections, eliminate ambient light, and create a controlled viewing situation, a viewing box was built around the display and glare source with black baffles to trap stray light and a chinrest to fix the observer's position.
Double-LCD Monitor
The experiment utilized a FIMI-Philips 18" SXGA (1280x1024) monochrome medical imaging monitor, with two liquid-crystal (LC) panels in series in front of an adjustable fluorescent backlight. The display's luminance output was carefully characterized, and its spatial and temporal inconsistencies were measured and controlled. Spatial luminance errors did not exceed 3%, and temporal fluctuations were controlled to a standard deviation of 0.15%. The main feature of the double-LCD is its extremely high contrast. The two LC panels in series provide over 5 log units of luminance range, with a contrast ratio of approximately 40,000:1. The display's white point was set to a relatively low 14.67 cd/m 2 , which resulted in an extremely dark black point of 0.0003 cd/m 2 . Note that this black level is reliably measured above the minimum luminance of the PR-680L spectroradiometer, 0.0002 cd/m 2 . Based on extensive characterization measurements, a monotonic path in the 2D code value space (two 8-bit monochrome LC panels) was chosen which provided a distribution of luminance levels roughly uniform in Δluminance/luminance and gave 511 discrete values, effectively 9 bits. Desired luminance values were mapped through this path to select drive values for each image.
At a viewing distance of 75 cm, the display had 46.7 screen pixels per degree of visual angle. The center region of 20x20 degrees (about 950 pixels square) was characterized for spatial uniformity correction and used for the experiment. An image showing a 1-degree grid on a white background was used for aligning the display measurements. A view of the experimental set-up, including the visible portion of the display screen with the grid image and the glare source, is shown in Figure 2 . 
Glare Source
A Philips Lexel LED DLM1100 downlight module, capable of 1000 lumen, was used as a glare source near the display. Using a separate glare source ensured an extremely large luminance contrast between the display and the glare source, allowing the emulation of the highestbrightness, highest-dynamic range displays without the complications of segmented backlights and potential uncertainties in light distribution. The LED module had a flat diffuser surface which provided a uniform circular spot of about 6 cm in diameter. For the experiment, this diffuser was masked with opaque black paper to provide a small circular spot with area of one square degree of visual angle. The device's light output was characterized by measuring the luminance of the diffuser surface with the PR-680L spectroradiometer. Luminance levels of 1,000 and 10,000 cd/m 2 with a color temperature of 4400 K, equal to the white point of the display, were used in the experiment.
Viewing Box
Because of the very low luminance levels used in the experiment, the experimental setup was very sensitive to ambient light and reflections. Additionally, because of the desire to model the complete visual field, an uncomplicated, preferably zero-luminance surrounding was desired. For these reasons, a viewing setup was created with a black box, constructed of matte black foam board, surrounding the viewer's peripheral vision and incorporating light traps to control stray light and reflections, thus controlling the entire visual field. The surfaces visible to the viewer were all angled so that they were not illuminated by the display or glare source. The result was a completely black visual field with the exception of the 20-degree square display and the glare source immediately below it. The viewing position was constrained at 75cm with a chinrest. A top-view of the interior of the box itself is shown in Figure 3 . 
Experiment
An adaptive staircase methodology with paired comparisons was used to measure thresholds for black level difference detection for several combinations of four experimental factors: glare source luminance, glare source angle in the visual field, image luminance and image content.
Adaptive Threshold Testing
The experiment was conducted using a two-alternative forced choice (2AFC, a.k.a. paired comparison) methodology behind which a staircase rule was used to adaptively present stimuli to each observer. This means that in successive image pair presentations, one image, randomly the left or the right, was always a reference image with maximally dark black level. The other image (the sample) had a lifted black level, and the observer's task was to choose the image with the darker black. At the beginning of each staircase the sample image had a very obviously lifted black level, nearly assuring a correct response. With each correct choice of the reference image, the sample black level was lowered closer to the reference image. With each incorrect choice, meaning the observer could not distinguish the two black levels presented, the sample black level was raised. In general, this type of staircase methodology converges to a threshold estimate. In this experiment, a weighted up-down staircase [10] was used, meaning that the up and down step sizes were unequal; setting their ratio to 1:3 forced the convergence to the X 75 point, the sample black level at which the observer was correct 75% of the time. In a paired-comparison experimental set-up the X 75 point can be assumed to be the level where an observer has a 50% chance of actually seeing the black level difference (which is the definition of a 50% just noticeable difference (JND)).
Each staircase in the experiment was allowed to proceed to 7 inversions, or changes in direction due to the sequence of incorrect and correct responses. The step size was halved after the first and fourth inversion to allow quick, rough convergence at the beginning and precision at the end. The first three inversion points were discarded, and the remaining four were averaged to result in the threshold.
Design
The experiment used four fixed factors in a partial factorial design. The factors were the luminance of the glare lamp, the visual angle between the glare lamp and the image pair, the average luminance of the images being presented, and the six images. Because for obvious reasons the position of the glare source was fixed, the visual angle between the image content and glare source was varied by vertically displacing the image pairs on the display. Figure 4 illustrates the experimental conditions in a 3-dimensional space. Conditions 2 and 3 can be thought of as baseline cases wherein the glare-free black level threshold was determined for each image luminance. Conditions 4a, 4b, and 4c consisted of visual angle variations at the highglare, lower image luminance combination, and likewise 5a, 5b, and 5c vary visual angle at higher image luminance. Conditions 6 and 7 included the lower glare luminance level at a single visual angle. Finally, Condition 1 (not shown in the figure, with factor levels the same as 5b) was used as a training staircase to familiarize observers with the test setup and paired comparison methodology, and was not analyzed.
With the exception of Condition 1, which was always presented first in the experiment, the presentation order of the remaining conditions was balanced over observers to avoid any systematic influence of learning effects or observer fatigue. Within each condition, staircases for all six images were conducted in an intermingled, randomized fashion until they all reached completion, which made it less likely the observers could understand or manipulate the staircases' progress. Further, all images and visual angles comprising Conditions 4a, 4b, and 4c were intermingled together, and likewise with those comprising Condition 5. 
Image Stimuli
The six images used in the experiment were chosen to include both diagnostic patterns and pictorial content. Because these were small images, 2x2 degrees of visual angle, the pictorial content was chosen to be cropped image details, rather than entire images. The intent was to represent a situation where the image detail was in a shadow region of a larger image which potentially included high-luminance regions that induce glare. As shown in Figure 5 , there were two cosine patterns, cosine at 4 cycles per degree and cosine2 at 1 cycle per degree. The 4 cyc/deg, 2x2 degree cosine pattern is the same as is prescribed by the DICOM standard [9] . The image curls is a close-up of curly dark hair, containing high-frequency, high-contrast detail, and palm is a tight crop of a human palm and fingers, with low frequency detail and large bright regions. The image eye is a crop of a black dog's eye, with a low-key rendering and bright highlights on the eye and fur. Nose is a relatively low contrast view of a light-haired dog's face. The images were all normalized to have the same mean luminance. Starting with linear luminance values in the interval [0, 1], they were divided by their mean luminance values, respectively. This resulted in, for example, eye having a much brighter maximum luminance than palm, but ensured that all images had the same integrated luminance across their 2x2 degree size, encouraging a uniform state of adaptation and keeping total eye illuminance fixed as images were displayed in sequence during the experiment.
For each image, at each prescribed average luminance level, a series of 49 images varying in black level luminance was pre-computed: these comprised all the possible stimuli for a staircase. The steps in this processing path are shown in Figure 6 . The 49 black levels L i were logarithmically spaced, ranging from 0.0001 to 1. The black level adjustment was done with an affine transformation of the linear luminance, compressing the luminance range and shifting it higher. After these steps were performed in linear luminance, the images were transformed using the inverse model of the double-LCD display to 8-bit device code values, including the frontand rear-LC split and the spatial uniformity correction. Because of the uniformity correction, different output images were created for each spatial location on the display: both for the left and right versions used in each paired comparison (which also mirrored the content left-to-right) and for the different vertical displacements used to vary the visual angle from the glare lamp. The background rectangle of 0.05 cd/m 2 , also corrected for uniformity, was included with the saved image stimuli.
During the experiment, the image pairs were composited by a Java program that handled the staircases and image display. The 8x10 visual degree background rectangle was centered on the display, with the image pair separated by a 2-degree gutter.
Observers
In total, 23 people participated in the experiment, and the data analysis included 22 of them. One observer's data showed a surprisingly high mean threshold in black level difference. Because it appeared that his results didn't depend on glare angle like the rest of the population did, his data were discarded. Of the remaining 22 participants, there were 20 observers who completed the whole experiment, and two additional observers who provided partial, balanced results. There were 6 females and 17 males ranging in age from 22 to 59, with a median of 32 years. Characteristics of their eyes were recorded because of the potential effect on intra-ocular glare. All reported normal [corrected] visual acuity: five wore glasses, five wore contact lenses, and 12 had uncorrected (naked eye) vision. Thirteen had eye color categorized as light (blue, green, or grey), and nine were categorized as dark (brown and dark brown). Thirteen of the group hailed from The Netherlands or Belgium. Other nations of Europe, Asia, and North America were represented by individuals.
Experimental Results
The result of each staircase (for each observer for each condition for each image) was a single number, i.e. the computed threshold in units of step levels, which were logarithmically spaced in luminance. Each threshold was converted to an actual log luminance, and all further computations were done in this space. At the end of the analysis, the mean values were converted to linear luminance. Mean results per condition are shown in Table 1 . To evaluate the significance of these results, a univariate ANOVA was calculated with SPSS. In the ANOVA the threshold log luminance was the dependent variable, and the glare luminance, glare angle, image luminance, and image content were the fixed factors. Additionally, observer was included as a random factor. The model included all main effects and two-way interactions. All factors, except observer (p=0.09), were significant. Comparing all the experimental factors, the strongest effects found were for glare luminance (p<0.001, η 2 =0.90) and glare angle (p<0.001, η 2 =0.89), followed by image luminance (p<0.001, η 2 =0.41) and finally, much weaker, image content (p<0.001, η 2 =0.19). Several interaction effects were found to be significant (in order of effect size): image * observer, image * glare angle, and image * glare luminance; however, the effect sizes for these were all smaller than the weak main effect of image itself. Figure 7 shows the measured black luminance difference threshold as a function of visual angle for all ten experimental conditions, averaged over the six different images. The conditions with a high glare luminance are shown in blue squares and red circles, for the high and low image luminance, respectively, and the conditions with a low glare luminance are shown in magenta triangles and green diamonds. The no-glare conditions are shown at the far right of the plot. The pronounced increase in luminance difference at small angles, especially for the conditions with a high glare luminance, shows the clear impairing effect of glare proximity on black level discrimination, and is similar to the 1/θ 2 behavior of the CIE glare equation. At the low glare luminance at 4 degrees from the glare source, a smaller apparent rise in the black threshold is seen. 
Effect of Image Content
Image content also had an effect according to the ANOVA, and the thresholds for each image are compared in Figure 8 . As the figure suggests, a Tukey post-hoc analysis confirmed that cosine2 and eye formed one group with a black level difference threshold significantly lower than the group of the four remaining images. However, eye and curls were not found to be significantly different from each other. There is no obvious trend with spatial frequency or natural vs. synthetic image content. Rather, the experimenters observed that the low-threshold images both had relatively large black areas, which were useful in discerning black level differences slightly more critically than was possible with the other images. 
Observer Variation
Looking only at observers who saw all experimental conditions, another ANOVA was computed, this time with condition as a fixed factor and observer as a random factor. Both were found to be significant, and the estimated marginal means for each observer were obtained. The marginal means were used as the dependent variable in a subsequent ANOVA with binary independent variables representing the observers' characteristics of glasses, contact lenses, male, young (<=32 years), and dark eyes. This analysis found contact lenses the only significant factor, with a medium effect size (p<0.01, η 2 =0.42). Just not significant was glasses (p=0.067, η 2 =0.24). There was no significant effect of being male (p=0.24) or young (p=0.71) or having dark eyes (p=0.45). It seems rational that the extra optical surfaces and scattering of contact lenses provided this significant upward change in measured thresholds.
Modeling Results
An excellent fit of the experimental data was made using a combination of literature models and an empirical description of adaptation luminance. The DICOM model, based on Barten's CSF, predicts the visibility threshold of a luminance difference at a given average luminance, for lowcontrast images in an average surround condition. The present experiment, however, used highcontrast images and a non-uniform surround, which means that the DICOM model is somewhat misused. In fact, applying DICOM directly to the no glare conditions for the average image luminances predicted thresholds about 20% higher than were measured. It is a step further to apply DICOM to the glare conditions, requiring an assumption -that the average luminance can be computed by adding equivalent veiling luminance to the average image luminance. Thus, here enters the glare model. EVL from the glare lamp is the biggest component, but glare from within the image and the background cannot be ignored. For each experimental condition, these glare components can be added in order to compute an effective average luminance, for which DICOM can be used to predict the corresponding visibility threshold. Doing this, the results were good (R 2 =0.90), but showed a systematic under-prediction of the thresholds at smaller visual angles. The model was further improved by accounting for adaptation luminance.
It was noted that the average image luminance, even when adding equivalent veiling luminance, was not the best input into the DICOM relationship because of the non-homogeneous field of view. To improve the model, a simple conceptual model of luminance adaptation was made, and its parameters were fit to the experimental data. The luminance of everything in the field of view was weighted by a pair of circularly-symmetric Gaussian sensitivities and integrated. One Gaussian was chosen to be very narrow, corresponding conceptually to foveal sensitivity, and the other much wider, to take into account the surroundings, including the equivalent veiling luminance and the glare source itself, which was in the field of view. The resulting adaptation luminance was used with DICOM to predict luminance difference thresholds.
The standard deviation of the two Gaussians and a coefficient for their linear combination were optimized to fit the data. The resulting improved model fits the data very well (R 2 = 0.95). More specifically, the improved model improves the fit of both the lower threshold in the no glare conditions and of the steep behavior at smaller visual angles to the glare source. However, it also predicts a convergence of the different image luminance conditions at small angles with the glare source, which was not observed in the experiment. The model converges simply because the modeled EVL contribution of the glare lamp dominates that of image luminance with close glare proximity, so apparently something minor is still missing from the model. The experimental results and fitted points (stars) are shown in Figure 9 . The empirically-derived spatial sensitivity curve is shown in Figure 10 . It is a linear combination of Gaussians, one with standard deviation of 0.67, weighted 0.9935, and another with standard deviation of 3.9, weighted 0.0065. This distribution of sensitivity was reached via a model fit, but it corresponds well to an approximation suggested by Moon and Spencer [11] . They suggested that the luminance reaching the fovea contributes 92%, and the luminance of the surrounding area integrated by a 1/θ 2 function similar to the glare equation contributes the remaining 8%. Comparing the present model to the Moon and Spencer relationship, there is essentially a difference in foveal size approximation, for which literature values from 1 to 2 degrees exist. The central 92% of the present empirical fit corresponds to a foveal size of 2.2 degrees, as shown by the shaded region in Figure 10 . The sensitivity curve as a combination of Gaussians then appears a reasonable description of foveal/background adaptation. 
Conclusions
In this study, a tightly-controlled paired comparison experiment was conducted to measure the impairment of the visibility of dark details in a displayed image due to veiling glare, and this impairment was successfully modeled with components corresponding to intra-ocular glare, luminance adaptation, and contrast sensitivity. As measured, the black level difference threshold increases (meaning observer sensitivity decreases) with any of the following, in order of importance: glare source distance (visual angle) decrease, glare source luminance increase, or average image luminance increase. Relative to an extremely low reference black level of 0.0003 cd/m 2 , a threshold black level was found to be as small as 0.0092 cd/m 2 with no glare source present and as large as 0.055 cd/m 2 with a small glare source of 10,000 cd/m 2 at 4 degrees of visual angle from the black level comparison.
The black level difference threshold was successfully modeled with a combination of (1) the CIE glare model, which describes the intra-ocular scattering within the human eye as a function of visual angle to the glare source, (2) an adaptation luminance computed as a spatiallyweighted function of the luminance seen in the visual field, and (3) the DICOM model, which predicts the visibility of luminance differences as a function of luminance. The resulting model can be used to predict whether a luminance difference within an image, in a given environment with glare caused by the image itself and/or other light sources, will be visible, which can be beneficial to designing displays as well as viewing situations.
